Equilibrium models of isolation by distance predict an increase in genetic differentiation with geographic distance. Here we find a linear relationship between genetic and geographic distance in a worldwide sample of human populations, with major deviations from the fitted line explicable by admixture or extreme isolation. A close relationship is shown to exist between the correlation of geographic distance and genetic differentiation (as measured by F ST) and the geographic pattern of heterozygosity across populations. Considering a worldwide set of geographic locations as possible sources of the human expansion, we find that heterozygosities in the globally distributed populations of the data set are best explained by an expansion originating in Africa and that no geographic origin outside of Africa accounts as well for the observed patterns of genetic diversity. Although the relationship between F ST and geographic distance has been interpreted in the past as the result of an equilibrium model of drift and dispersal, simulation shows that the geographic pattern of heterozygosities in this data set is consistent with a model of a serial founder effect starting at a single origin. Given this serial-founder scenario, the relationship between genetic and geographic distance allows us to derive bounds for the effects of drift and natural selection on human genetic variation.
Equilibrium models of isolation by distance predict an increase in genetic differentiation with geographic distance. Here we find a linear relationship between genetic and geographic distance in a worldwide sample of human populations, with major deviations from the fitted line explicable by admixture or extreme isolation. A close relationship is shown to exist between the correlation of geographic distance and genetic differentiation (as measured by F ST) and the geographic pattern of heterozygosity across populations. Considering a worldwide set of geographic locations as possible sources of the human expansion, we find that heterozygosities in the globally distributed populations of the data set are best explained by an expansion originating in Africa and that no geographic origin outside of Africa accounts as well for the observed patterns of genetic diversity. Although the relationship between F ST and geographic distance has been interpreted in the past as the result of an equilibrium model of drift and dispersal, simulation shows that the geographic pattern of heterozygosities in this data set is consistent with a model of a serial founder effect starting at a single origin. Given this serial-founder scenario, the relationship between genetic and geographic distance allows us to derive bounds for the effects of drift and natural selection on human genetic variation.
genetic distance ͉ genetic drift ͉ HGDP-CEPH ͉ human origins ͉ microsatellites A regular decrease of genetic similarity with increasing geographic distance has been predicted by the theory of isolation by distance (1) and by the stepping-stone model (2) , under the assumption that movement connected with mating is usually restricted to short distances (3, 4) . Data on genetic polymorphisms have confirmed a strong association between genetic and geographic distance; early studies were generally limited to short geographic ranges and within-regional analyses (5, 6) , but later studies have been extended to wider areas (7) (8) (9) . Here, we regress a measure of genetic differentiation on geographic distance at the global level using 783 microsatellite loci from the Human Genome Diversity Project-Centre d'Etude du Polymorphisme Humain (HGDP-CEPH) worldwide sample of populations (10, 11) . We then use simulations to examine a serial founder effect scenario as a possible explanation for the observed relationship between genetic and geographic distance.
Materials and Methods
Data. The data set that we analyzed consists of 1,027 individuals from the HGDP-CEPH Human Genome Diversity Cell Line Panel (10) . Several individuals from the collection of 1,056 individuals studied by Rosenberg et al. (11) were excluded from the present analysis. These included the following: (i) no. 1026, who was studied by Rosenberg et Each of the 1,027 individuals was genotyped for 783 autosomal microsatellite loci, which included the 377 loci from Marshfield Screening Set no. 10 that were previously studied by Rosenberg et al. (11) , as well as 406 additional loci from Marshfield Screening Sets no. 13 and 52. The complete data set used in this study is available from the authors upon request.
Geographic locations of the samples were reported by Cann et al. (10) . For populations where ranges of coordinates were provided, the mean of the latitudes and the mean of the longitudes of the reported region were used to characterize the population's location. For the Northern Han of East Asia, the coordinate pair used was (39N, 114E); 39N is the northern extreme of locations where Han individuals were sampled, whereas 114E fell in the middle of the interval of longitudes at which Han individuals were sampled. using the haversine (23), according to which the distance D between two points specified by (latitude, longitude) coordinates (␣ 1 , ␦ 1 ) and (␣ 2 , ␦ 2 ), with a central angle of between the two points is
where hav͑͒ ϭ sin
and R is the radius of the Earth, which we assume to be 6,371 km. In addition to great circle geographic distances, we also calculated pairwise geographic distances using five obligatory waypoints. Waypoints were used to make our between-continent distance estimates more reflective of human migration patterns, taking into account the belief that until recently humans did not generally cross large bodies of water while migrating. These waypoints were as follows: Anadyr, Russia (64N, 177E); Cairo, Egypt (30N, 31E); Istanbul, Turkey (41N, 28E); Phnom Penh, Cambodia (11N, 104E); and Prince Rupert, Canada (54N, 130W). The distance between two points is then the sum of the great circle distances between the points and the waypoint(s) in the path connecting them, plus the great circle distance(s) between waypoints if two or more waypoints are needed. Including the waypoints in between-continent distance calculations forced movement, for example, to Oceania via Southeast Asia, and to America via the Bering Strait and western coast of North America (see Fig. 6 , which is published as supporting information on the PNAS web site).
Because there may have been an important expansion route along the south Asian coast (24), we also considered a waypoint at the southern part of the Red Sea. However, changing the waypoint from the north to the south of the Red Sea or using two waypoints at the Red Sea does not substantially change the quantitative results (results not shown).
Jackknifing over Populations. To determine which populations were most influential in the linear regression, we jackknifed over each of the 53 populations and fitted a new regression line with the remaining 52 populations and their pairwise comparisons. For each pair (i, j), we then calculated the deleted residual for eliminated population i with population j,
where F ST i, j is the observed genetic distance between populations i and j and F ST ͑i͒, j is the predicted F ST between populations i and j using the regression line generated when population i is eliminated from the data set.
This process allows us to compute 52 deleted residuals for each population; the sorted averages of those residuals are reported in Table 2 , which is published as supporting information on the PNAS web site.
Principal Coordinates. Principal coordinates were calculated on both the genetic (F ST ) and geographic distance matrices (calculated using the five waypoints) by using routines in the MATLAB language from the RES5 library (25) . The calculation of principal coordinates involves converting a distance matrix into Gower's centered matrix, which is decomposed into its eigenvalues and eigenvectors (26) . Each eigenvector is then divided by the square root of its corresponding eigenvalue to yield principal coordinate scores for each population in the distance matrix (26) . Each coordinate was converted to standardized scores (such that each (20) , FST (16) , GST (21), proportion of shared alleles (PSA) (22) , and RST (18) .
had mean 0 and SD 1) independently within each type of data (genetic and geographic). Because the sign of a principal coordinate is arbitrary, we adjusted the first principal coordinate of the genetic distance matrix by multiplying by Ϫ1 so that projection on a common set of coordinates would better visually reflect the patterns of geographic association.
Origin of the Human Expansion. Regressions on geographic distance from a center were performed by using each of 4,210 centers drawn from the surface of the earth as follows. By using a lattice of 200 longitudes and 79 latitudes constructed so that each lattice point represented an equal area, 4,210 lattice points on land were identified (excluding Antarctica and islands farther south than the southern tip of South America). Rivers and all lakes other than Huron, Michigan, Superior, Victoria, and the Caspian and Aral Seas were treated as land. 
[3]
Restricting our computations to one locus (removing l from Eq. 3), we obtain for a sample of size n
[4]
¥ u p ui 2 is the homozygosity in population i and is therefore equal to 1 Ϫ H i , where H i is the heterozygosity in population i.
[5]
is small. If we fix population 1 as Africa and denote it by ␣, and if we write
then equating F ST ϭ a ϩ b ϫ (geographic distance) with Eq. 5 it follows that an estimate for the heterozygosity in population i is
It is only because geographic distance is a good predictor of F ST that this calculation can be made. 
Results
Fig . 1A shows a scatterplot of pairwise genetic distances (as measured by F ST ) against great circle geographic distances. Fitting a linear regression of F ST on geographic distance produces R 2 ϭ 0.5882. Incorporating waypoints to account for more likely paths of past migrations increases R 2 for the regression to 0.7834 (Fig. 1B) .
The Mantel correlation between F ST and pairwise geographic distance incorporating waypoints is 0.8851 (p Ͻ 10 Ϫ4 ). The correlations of other measures of genetic differentiation with geographic distance are also high (Table 1) . Table 1 shows that the Mantel correlation between genetic distance and geographic distance is almost as high as those between any two different estimates of genetic distance calculated from the data set. Fig. 2 highlights comparisons of those populations that had the most influence on the regression (see Materials and Methods) and shows the strong contribution of the American populations to the relationship between geographic and genetic distance at a large scale (Fig. 2 A) . The deviation of the Maya (labeled as 2 in Fig. 2 A) from the regression line is possibly a result of admixture between Europeans and the Maya during colonization. To some extent, this relationship was observed earlier (11) , and it has the effect here of lowering the Maya's genetic distance from Eurasians (Fig. 3) . The Old World deviations from the linear regression of F ST on geographic distance can be explained by genetic isolation; the Kalash, Mbuti Pygmies, and San (Fig. 2B ) are each more highly differentiated genetically than is predicted based on the regression. An earlier study (29) of correlations between genetic and geographic distance showed an asymptote at high geographic distances within each continent; this asymptotic relationship is not observed with the present microsatellite data, although the sampling of populations within continents here is not dense in any particular continent (10) .
The observed relationship of genetic and geographic distance should not be interpreted simply as following from theories of isolation by distance (1, 2) , which are valid only at equilibrium between migration, mutation, and drift. There clearly has not been time to reach equilibrium between the extremes of man's inhabited range, or even within continents, in the very short evolutionary history of modern humans (29) . An expansion of modern humans outward from a single center is an alternative way of producing a global correlation between geographic and genetic distances. Geographical expansion events may have happened in many small steps, with each such migration involving a sampling from the previous subset of the original population. This sampling would have led to a stepwise increase in genetic drift and a concomitant decrease in genetic diversity: a serial founder effect (30, 31) .
Genetic data are found to be in strong agreement with this expansion model. The rank order of continents by genetic diversity for Y-chromosomal and chromosome-21 polymorphisms correlates with the archaeologically estimated order in which modern humans entered into continents (32, 33) , and expected heterozygosity (calculated by using 377 loci from the HGDP-CEPH data set) has been found to decrease linearly with distance from a possible site for the geographic origin of modern humans in East Africa (34) . We have confirmed the latter observation by augmenting the 377 loci previously studied with 406 additional microsatellites from the same individuals (Fig. 4A) .
Assuming that there was an initial site from which the human expansion occurred, Fig. 5 shows that the pattern of expected heterozygosities in the data set is best explained by an expansion originating in Africa. For each of 4,210 points on a lattice of latitudes and longitudes (see Materials and Methods), we regressed expected heterozygosity in the HGDP-CEPH populations on geographic distance to the lattice point (Fig. 5) . The 936 locations in Africa used as origins resulted in R 2 values ranging from 0.757 to 0.870 (the SD of R 2 within Africa was 0.017), whereas R 2 using the 3,274 non-African locations as origins ranged from 1.67 ϫ 10 Ϫ7 to 0.744 (the SD of R 2 outside of Africa was 0.245). Thus, no origin outside of Africa had the explanatory power of an origin anywhere in Africa (see also ref. 37). Because sampling was not very dense in Africa, especially in Eastern and Northern Africa, a larger sample might enable this approach to further localize the specific origin of the expansion.
Regressions based on origins in South America had the highest R 2 values of the non-African locations, but the correlation of expected heterozygosities with geographic distance to South America is positive, indicating that whereas heterozygosity decreases linearly with distance from Africa, it increases with distance from South America. These observations, together with the high genetic diversity in Africa and low diversity in the Americas, are consistent with an expansion from Africa, with South America being among the last places reached by migrating populations.
The linear relationships observed in Figs 4A and 1B are different depictions of the same phenomenon because pairwise F ST is directly related to the homozygosities of each population in the comparison (see Eq. 7) and is therefore inversely related to the populations' heterozygosities (38) . Suppose i is any non-African population and ␣ is a fixed African population. We can regard ␥ i (see Eq. 6) as an index of the similarity of alleles between populations i and ␣ where p u ␣ is the frequency of allele u in the fixed African population ␣, p u i is the frequency of the allele u in population i, and the sum is taken over all alleles u.
Pooling all of the sub-Saharan African populations in the data set and averaging ␥ i across loci between Africa (␣) and each nonAfrican population (i) in the sample, we find that the mean of ␥ i is ␥ ϭ 0.196 with a coefficient of variation of 1%. Substituting ␥ and the values of the slope b and the intercept a from the regression of F ST on geographic distance from Africa into Eq. 7, the estimate of the expected heterozygosities of all populations in the sample is within 3% of the observed values; the difference between the estimate H î and the observed value has a SD of 0.0207. Thus, we can ''transform'' Figs. 4A and 1B into each other almost without loss of information, as is reflected by the similar explanatory power of the linear regressions of F ST (R 2 ϭ 0.78) and of expected heterozygosity (R 2 ϭ 0.76) on geographic distance. Testing whether a serial founder effect could give rise to the decay of expected heterozygosity with distance observed in Fig. 4A requires appropriate demographic models for calculating the effect of drift. We performed simulations of evolutionary processes to assess whether we could recover a similar pattern to what was computed from the data as shown in Fig. 4A (37) . Assume for simplicity that we begin with a parental population, and there are n serial bottleneck episodes starting at the origin (the location of the parental population). In each bottleneck, a sample of individuals of size N b founds the next colony, which is established at some distance from the previous colony and which remains isolated from all other colonies. This subsampling generates a succession of colonies in time, each of which grows to a large size K before generating the next colony in the chain. Each bottleneck episode decreases expected heterozygosity in the new colony by a factor of 1 Ϫ 1͞(2N b ) (39) . To be precise, this computation includes the drift effect only of the first generation after the bottleneck.
Based on this simple model of n bottlenecks with N b founders at each bottleneck, an approximation for the total loss of expected heterozygosity from the beginning to the end of the expansion from the parental population due to the sequence of bottlenecks alone will be ⌬H ϭ n͑͞2N b ͒.
[8] Regressing heterozygosity on distance from the parental colony, we can estimate ⌬H by calculating the difference between the intercept of the regression line and the fitted value for the last population in the expansion (the furthest population from the origin). In Fig. 4A , the observed ⌬H is 0.12. Because n and N b are unknown, Eq. 8 only allows the estimation of their ratio. Moreover, this simple model assumes no intermigration among colonies after their founding; it only accounts for genetic drift that occurs as a result of the bottlenecks in the serial founder effect, ignoring genetic drift (i) during the growth period where the founding population increases in size to carrying capacity and (ii) while the population stays at carrying capacity as the subsequent colonies are formed. These components will increase the amount of drift experienced by populations over that which would ensue from a population of constant size K. Simulation enables the evaluation of these components of the evolutionary process by using estimable quantities, such as the mutation rate of microsatellites and the sizes of populations (see Supporting Text, which is published as supporting information on the PNAS web site, for more discussion). Fig. 4B shows that simulation can produce heterozygosity values similar to those observed in the data set, giving a simulated value for ⌬H of 0.12, very close to the observed value. ⌬H sim will differ from ⌬H in Eq.
(see Supporting Text).
The main assumption in the simulation (Fig.  4B) is that N b , the number of founders at each bottleneck, is of the order of a hunter-gatherer tribe (35, 36) .
Discussion
Geographic distance is a good predictor of genetic distance on a global scale (Fig. 1) . The pattern's robustness is indicated by our ability to reasonably explain anomalies (Fig. 2) based on what is generally believed to have occurred during the past 100,000 years of modern human history (29) . We also find a close relationship between the correlation of F ST and geographic distance (Fig. 1) and the geographic pattern of heterozygosity across populations (Fig.  4A ). An increase in genetic distance with geographic distance has been observed in the past and has been attributed to equilibrium models of isolation by distance, but simulation results show that the geographic pattern of heterozygosities in the HGDP-CEPH populations is consistent with a serial founder effect starting at a single origin. Further, the observed pattern of within-population diversity is best explained by an origin in Africa (Fig. 5) .
By studying the relationship between genetic and geographic distance, we can assess the relative importance of genetic drift and natural selection in determining the genetic variation observed among human populations. The average contribution of drift generated by the serial founder effect might be estimated from the properties of the regression in Figs. 1B and 4A. Because our regressions explain 76-78% of the observed genetic variation, this quantity is therefore an estimate of the minimum influence that drift, due to the serial founder effect, has on the total variation observed. In other words, the fraction of the variation in heterozygosity across human populations that is explained by drift is at least 76-78%. If stabilizing selection has been a major force in human evolution, then the decrease of average heterozygosity would be reduced, and the slope in Fig. 4A would be less negative (by an unknown amount).
The residual 22-24% of genetic variation not explained by the regression is generated by population-specific selection, drift, and mutational histories. The deviation from the regression of each individual population (Fig. 4A) or of each population pair (Fig. 2) is a consequence of each population's particular demographic history (40) . But it is clear that part of these deviations also may be due to different selective conditions met by these populations in the different environments to which they have been exposed. Therefore, we estimate that 76-78% can be considered a lower bound on the effect of drift, and 22-24% an upper bound on the effect of selection, in the genetic differentiation of human populations.
